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Why Hadron Colliders?

Discovery machines

W±, Z 0, t, H , . . .

Precision instruments

MW , mt , Bs oscillation frequency, . . .

Large energy reach · High event rate
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Why Hadron Colliders?

Explore a rich diversity of elementary processes
at the highest accessible energies:

(qi , q̄i , g , . . .)⊗ (qi , q̄i , g , . . .)

Example: quark-quark collisions at
√

s = 1 TeV

If 3 quarks share half the proton’s momentum (〈x〉 = 1
6),

require pp collisions at
√

s = 6 TeV

; Fixed-target machine with beam momentum
p ≈ 2× 104 TeV = 2× 1016 eV (cf. cosmic rays).
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Cosmic-ray Spectrum
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How to achieve?

Fixed-target, p ≈ 2× 104 TeV
Ring radius is

r =
10

3
·
( p

1 TeV

)/( B

1 tesla

)
km.

Conventional copper magnets (B = 2 teslas) ;

r ≈ 1
3 × 105 km.

≈ 1
12 size of Moon’s orbit

10-tesla field reduces the accelerator to mere Earth size
(R⊕ = 6.4× 103 km).

Chris Quigg (FNAL) LHC Physics . . . Invisibles · 10–15.7.2013 4 / 122



Fermi’s Dream Machine (1954)

5000-TeV protons to reach
√

s ≈ 3 TeV
2-tesla magnets at radius 8000 km

Projected operation 1994, cost $170 billion
(inflation assumptions not preserved)
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Key Advances in Accelerator Technology

Alternating-gradient (“strong”) focusing, invented by
Christofilos, Courant, Livingston, and Snyder.

Before and After . . .

Synchrotron Beam Tube Magnet Size

Bevatron (6.2 GeV) 1 ft× 4 ft 91
2

ft× 201
2

ft

FNAL Main Ring (400 GeV) ∼ 2 in× 4 in 14 in× 25 in

LHC (→ 7 TeV) 56 mm (SC)

The idea of colliding beams.

Superconducting accelerator magnets based on
“type-II” superconductors, including NbTi and Nb3Sn.
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Key Advances . . .

Active optics to achieve real-time corrections of the
orbits makes possible reliable, highly tuned
accelerators using small-aperture magnets. Also
“cooling,” or phase-space compaction of stored
antiprotons.

The evolution of vacuum technology. Beams stored
for approximately 20 hours travel ∼ 2× 1010 km,
about 150 times the Earth–Sun distance, without
encountering a stray air molecule.

The development of large-scale cryogenic technology,
to maintain many km of magnets at a few kelvins.
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Hadron Colliders through the Ages

CERN Intersecting Storage Rings: pp collider at√
s → 63 GeV. Two rings of conventional magnets.

Sp̄pS Collider at CERN: p̄p collisions at√
s = 630(→ 900) GeV in conventional-magnet SPS.

Fermilab Tevatron Collider: p̄p collisions at√
s ≈ 2 TeV with 4-T SC magnets in a 2π-km tunnel.

Brookhaven Relativistic Heavy-Ion Collider: 3.45-T
dipoles in 3.8-km tunnel. Polarized pp,

√
s → 0.5 TeV

Large Hadron Collider at CERN: 14-TeV pp collider in
the 27-km LEP tunnel, using 9-T magnets at 1.8 K.

High-energy collider parameters, 2012 Review of Particle Properties §28
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Large Hadron Collider at CERN

LHCb

ATLASALICE

CMS
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√
s = 8 TeV Interaction Rates

extracted and applied as a function of the T2 track multi-
plicity and affects only the 1h category. The systematic
uncertainty is estimated to be 0.45% which corresponds
to the maximal variation of the background that gives a
compatible fraction of 1h events (trigger and pileup cor-
rected) in the two samples.

Trigger efficiency: This correction is estimated from the
zero-bias triggered events. It is extracted and applied as a
function of the T2 track multiplicity, being significant
for events with only one track and rapidly decreasing to
zero for five or more tracks. The systematic uncertainty is
evaluated comparing the trigger performances with and
without the requirement of having a track pointing to the
vertex and comparing the overall rate correction in the two
samples.

Pileup: This correction factor is determined from the
zero-bias triggered events: the probability to have a bunch
crossing with tracks in T2 is 0.05–0.06 from which the
probability of having n � 2 inelastic collisions with tracks
in T2 in the same bunch crossing is derived. The systematic
uncertainty is assessed from the variation, within the same
data set, of the probability to have a bunch crossing with
tracks in T2 and from the uncertainty due to the T2 event
reconstruction efficiency.

Reconstruction efficiency: This correction is estimated
using Monte Carlo generators (PYTHIA8 [13], QGSJET-
II-03 [14]) tuned with data to reproduce the measured
fraction of 1h events which is equal to 0:216� 0:007.
The systematic uncertainty is assumed to be half of the
correction: as it mainly depends on the fraction of events
with only neutral particles in T2, it accounts for variations
between the different Monte Carlo generators.

T1 only: This correction takes into account the amount
of events with no final state particles in T2 but one or
more tracks in T1. The uncertainty is the precision with
which this correction can be calculated from the zero-bias
sample plus the uncertainty of the T1 reconstruction
efficiency.

Internal gap covering T2: This correction takes into
account the events which could have a rapidity gap fully
covering the T2 � range and no tracks in T1. It is estimated
from data, measuring the probability of having a gap in T1

and transferring it to the T2 region. The uncertainty takes
into account the different conditions (average charged
multiplicity, pT threshold, gap size, and surrounding
material) between the two detectors.
Central diffraction: This correction takes into account

events with all final state particles outside the T1 and T2
pseudorapidity acceptance and it is determined from simu-
lations based on the PHOJET and MBR event generators
[15,16]. Since the cross section is unknown and the uncer-
tainties are large, no correction is applied to the inelastic
rate but an upper limit of 0.25 mb is taken as an additional
source of systematic uncertainty.
Low mass diffraction: The T2 acceptance edge at j�j ¼

6:5 corresponds approximately to diffractive masses of
3.6 GeV (at 50% efficiency). The contribution of events
with all final state particles at j�j> 6:5 is estimated with
QGSJET-II-03 after tuning the Monte Carlo prediction with

TABLE IV. Summary of the measured cross sections with detailed uncertainty composition.
The � uncertainty follows from the COMPETE preferred-model � extrapolation error of
�0:007. The right-most column gives the full systematic uncertainty, combined in quadrature
and considering the correlations between the contributions.

Systematic uncertainty

Quantity Value el. t-dep el. norm inel � ) full

�tot (mb) 101.7 �1:8 �1:4 �1:9 �0:2 ) �2:9
�inel (mb) 74.7 �1:2 �0:6 �0:9 �0:1 ) �1:7
�el (mb) 27.1 �0:5 �0:7 �1:0 �0:1 ) �1:4
�el=�inel (%) 36.2 �0:2 �0:7 �0:9 ) �1:1
�el=�tot (%) 26.6 �0:1 �0:4 �0:5 ) �0:6

FIG. 1 (color). Compilation [8,20–24] of the total (�tot), in-
elastic (�inel) and elastic (�el) cross-section measurements: the
TOTEM measurements described in this Letter are highlighted.
The continuous black lines (lower for pp, upper for �pp) repre-
sent the best fits of the total cross-section data by the COMPETE
collaboration [19]. The dashed line results from a fit of the
elastic scattering data. The dash-dotted lines refer to the inelastic
cross section and are obtained as the difference between the
continuous and dashed fits.

PRL 111, 012001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 JULY 2013

012001-4

σtot (101.7± 2.9) mb

σinel (74.7± 1.7) mb

σel (27.1± 1.4) mb
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Collider Cross Sections
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Standard-model Cross Sections

W Z WW Wt
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Luminosity

Number N of events of interest

N = σ

∫
dt L(t)

L(t): instantaneous luminosity [in cm−2 s−1]

Bunches of n1 and n2 particles collide head-on at
frequency f :

L(t) = f
n1n2

4πσxσy

σx,y: Gaussian rms ⊥ beam sizes

Edwards & Syphers, 2012 Review of Particle Physics, §27
LHC lumi calculator Zimmerman, “LHC: The Machine,” SSI 2012
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Exercise 1

(a) Estimate the integrated luminosity required to make a
convincing observation of each of the standard-model final
states shown in the ATLAS plot above . Take into account
the gauge-boson branching fractions given in the 2012
Review of Particle Physics.

(b) Taking a nominal year of operation as 107 s, translate
your results into the required average luminosity.
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LHC Luminosity, 2012

Lpeak ≈ 7.7× 1033 cm−2 s−1 ATLAS & CMS
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Collider kinematics

Because of its properties under Lorentz boosts, rapidity,

y ≡ 1
2 ln

∣∣∣∣E + pz

E − pz

∣∣∣∣,
is a highly convenient longitudinal variable for an
individual particle or a jet. Pseudorapidity,

η ≡ − ln tan(θ?/2),

is a close approximation to y in the setting of collider
detectors, and can be measured, even when the mass of
the outgoing object is unknown.
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Exercise 2
(a) Expand the definition

y ≡ 1
2 ln

∣∣∣∣E + pz

E − pz

∣∣∣∣
of rapidity for an object with mass m, under the
assumption that p � m, to show that as m/p → 0,

y → η ≡ − ln tan(θ?/2).

cf. 2012 Review of Particle Physics §43.5.2

(b) For pion production, compute the maximum c.m.
rapidity at

√
s = (8, 14) TeV and deduce the angular

coverage required to observe the full range.
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Charged-particle density, η ≈ 0

Eur. Phys. J. C (2010) 68: 345–354 353

there is a large spread of values between different models:
PHOJET is the lowest and PYTHIA tune Perugia-0 the high-
est.

Fig. 2 Charged-particle pseudorapidity density in the central pseudo-
rapidity region |η| < 0.5 for inelastic and non-single-diffractive colli-
sions [4, 16–25], and in |η| < 1 for inelastic collisions with at least
one charged particle in that region (INEL > 0|η|<1), as a function of
the centre-of-mass energy. The lines indicate the fit using a power-law
dependence on energy. Note that data points at the same energy have
been slightly shifted horizontally for visibility

6 Conclusion

We have presented measurements of the pseudorapidity den-
sity and multiplicity distributions of primary charged par-
ticles produced in proton–proton collisions at the LHC, at
a centre-of-mass energy

√
s = 7 TeV. The measured value

of the pseudorapidity density at this energy is significantly
higher than that obtained from current models, except for
PYTHIA tune ATLAS-CSC. The increase of the pseudora-
pidity density with increasing centre-of-mass energies is sig-
nificantly higher than that obtained with any of the models
and tunes used in this study.

The shape of our measured multiplicity distribution is not
reproduced by any of the event generators considered. The
discrepancy does not appear to be concentrated in a single
region of the distribution, and varies with the model.

Acknowledgements The ALICE collaboration would like to thank
all its engineers and technicians for their invaluable contributions to the
construction of the experiment and the CERN accelerator teams for the
outstanding performance of the LHC complex.

The ALICE collaboration acknowledges the following funding
agencies for their support in building and running the ALICE detec-
tor:

– Calouste Gulbenkian Foundation from Lisbon and Swiss Fonds
Kidagan, Armenia;

– Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq), Financiadora de Estudos e Projetos (FINEP), Fundação de
Amparo à Pesquisa do Estado de São Paulo (FAPESP);

Fig. 3 Measured multiplicity distributions in |η| < 1 for the INEL >

0|η|<1 event class. The error bars for data points represent statistical
uncertainties, the shaded areas represent systematic uncertainties. Left:
The data at the three energies are shown with the NBD fits (lines).
Note that for the 2.36 and 7 TeV data the distributions have been
scaled for clarity by the factors indicated. Right: The data at 7 TeV

are compared to models: PHOJET (solid line), PYTHIA tunes D6T
(dashed line), ATLAS-CSC (dotted line) and Perugia-0 (dash-dotted
line). In the lower part, the ratios between the measured values and
model calculations are shown with the same convention. The shaded
area represents the combined statistical and systematic uncertainties
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Charged-particle spectra
ment follows this trend. The choice of the j�j interval can
influence the average pT value by a few percent.
For j�j< 0:5, the average charged multiplicity density

is dNch=d� ¼ 5:78� 0:01ðstatÞ � 0:23ðsystÞ for NSD
events. The

ffiffiffi
s

p
dependence of the measured dNch=

d�j��0 is shown in Fig. 5, which includes data from

various other experiments. The dNch=d� results reported
here show a rather steep increase between 0.9 and 7 TeV,
which is measured to be ½66:1� 1:0ðstatÞ � 4:2ðsystÞ�%.
Using a somewhat different event selection, the ALICE
Collaboration has found a similar increase of ½57:6�
0:4ðstatÞþ3:6

�1:8ðsystÞ�% [5]. The measured charged-particle

multiplicity is accurate enough to distinguish among
most sets of event-generator tuning parameter values and
various models. The measured value at 7 TeV significantly
exceeds the prediction of 4.57 from PHOJET [9,10], and the
predictions of 3.99, 4.18, and 4.34 from the DW [17],
PROQ20 [18], and Perugia0 [19] tuning parameter values

of PYTHIA, respectively, while it is closer to the prediction
of 5.48 from the PYTHIA parameter set from Ref. [8] and to
the recent model predictions of 5.58 and 5.78 from
Refs. [20,21]. The measured excess of the number of
charged hadrons with respect to the event generators is
independent of � and concentrated in the pT < 1 GeV=c
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PRL 105, 022002 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
9 JULY 2010

022002-4
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Pileup
Typical LHC operation: 1.5× 1011 protons / bunch

bunch separation 50 ns

; multiple interactions / crossing

Mean Number of Interactions per Crossing
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Pileup: Z → µ+µ− in 25 interactions in ATLAS
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Pileup: 78 interactions in CMS
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Exercise 3

Consider the reaction p±p → jet1 + jet2 + anything at
c.m. energy

√
s. Denote the rapidity of the dijet system

as yboost ≡ 1
2(y1 + y2) and the individual jet rapidity in the

dijet rest frame as y ∗ ≡ 1
2(y1 − y2).

(a) Neglecting the invariant masses of the individual jets
with respect to p⊥, show that the invariant mass of the
dijet system, and thus of the colliding partons, is√

ŝ = 2p⊥ cosh y ∗.

(b) Deduce the momentum fractions carried by the two
colliding partons. Show that xa,b =

√
τe±yboost, where

τ ≡ ŝ/s.
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ATLAS
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CMS (Compact Muon Solenoid)

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

PRESHOWER
Silicon strips ~16m2 ~137,000 channels

SILICON T!CKERS
Pixel (100x150 μm) ~16m2 ~66M channels
Microstrips (80x180 μm) ~200m2 ~9.6M channels

MUON CHAMBERS
Barrel: 250 Dri" Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz #bres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic "eld

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR
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LHCb

14  AAAS, 2011   First physics from the LHC Monica Pepe Altarelli  Studying beauty at  LHCb 

pp collision Point 

Vertex Locator 

VELO 

Tracking System 

Muon System RICH Detectors 

Calorimeters 

• ~ 1 cm 

• 
B 

Movable device 

35 mm from beam out of physics / 

 7 mm from beam in physics 

LHCb 
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ALICE
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ALICE (Pb–Pb event)
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Computing Cross Sections: factorization

i √s

a b

j
_

σ̂

ˆ

dσ

dy1dy2dp⊥
=
∑
i j

2πp⊥
(1 + δij)s

[
f
(a)
i (xa, ŝ)f

(b)
j (xb, ŝ)σ̂ij(ŝ, t̂, û) + (i ↔ j)

]
. . . + fragmentation (partons → particles)
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What Is a Proton?

(For hard scattering) a broad-band, unselected beam of
quarks, antiquarks, gluons, & perhaps other constituents,
characterized by parton densities

f
(a)
i (xa,Q

2),

. . . number density of species i with momentum fraction
xa of hadron a seen by probe with resolving power Q2.

Q2 evolution given by QCD perturbation theory

f
(a)
i (xa,Q

2
0 ): nonperturbative
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Asymptotic Freedom
1

αs(Q)
=

1

αs(µ)
+

(33− 2nf)

6π
ln

(
Q

µ

)

100 101 102 103

Q [GeV]

2

3

4

5

6

7

8

9

10

11

12
1/
α s

Group: 1
Group: 2
Group: 16
Group: 5
Group: 6
Group: 7
Group: 8
Group: 9
Group: 10
Group: 11
Group: 12
Group: 13
Group: 14
Group: 29
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QCD Tests: e+e− → hadrons

10-1

1

10

10 2

10 3

1 10 10
2

R

ω

ρ

φ

ρ

J/ψ ψ (2S)
Υ

Z

√s [GeV]
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QCD Tests: Quark Confinement

-4

-3

-2

-1

0

1

2

3

0.5 1 1.5 2 2.5 3

[V
(r)

-V
(r 0

)] 
r 0

r/r0

β = 6.0
β = 6.2
β = 6.4
Cornell Potential

0
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Deeply Inelastic Scattering ; f
(a)

i (xa,Q
2
0 )

107

106

105

104

103
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10

1

10–1
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Q2 (GeV2)

σ r   
 (x

,Q
2 )
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Parton Distribution Functions fi (x ,Q
2)
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Example reaction: quark–quark scattering

μ ig_
2

– λa
αβ γμ

β

α

a

σ̂(ud → ud) =
4πα2

s

9ŝ2
· ŝ2 + û2

t̂2

; dσ/dΩ∗ ∝ 1/ sin4(θ∗/2)
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Exercise 4

(a) Express the ud → ud cross section in terms of c.m.
angular variables, and verify that the angular distribution
is reminiscent of that for Rutherford scattering.

(b) In the search for new interactions, the angular
distribution for quark-quark scattering, inferred from dijet
production in p±p collisions, is a sensitive diagnostic.
Show that when re-expressed in terms of the variable
χ = (1 + cos θ∗)/(1− cos θ∗), the angular distribution for
ud scattering is dσ/dχ ∝ constant.
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Compositeness search in CMS (|yboost| < 1.11)

J
H
E
P
0
5
(
2
0
1
2
)
0
5
5

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di
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t

σ
 d
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je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 > 3.0 TeVjjM (+0.5)

 < 3.0 TeVjjM2.4 < (+0.4)

 < 2.4 TeVjjM1.9 < (+0.3)

 < 1.9 TeVjjM1.5 < (+0.25)

 < 1.5 TeVjjM1.2 < (+0.2)

 < 1.2 TeVjjM1.0 < (+0.15)

 < 1.0 TeVjjM0.8 < (+0.1)

 < 0.8 TeVjjM0.6 < (+0.05)

 < 0.6 TeVjjM0.4 < 

CMS
 = 7 TeVs

-1L = 2.2 fb

Data
QCD prediction

 = 7 TeV (NLO)+
LL/RRΛ

Figure 1. Normalized dijet angular distributions for |yboost| < 1.11 in several Mjj ranges. For

clarity, the distributions are shifted vertically by the additive amounts shown in parentheses in

the figure. The vertical error bars represent the statistical and systematic uncertainties added in

quadrature. The horizontal bars correspond to the χdijet bin width. The results are compared with

the predictions of NLO QCD with CTEQ6.6 PDF (shaded band) and with predictions for QCD+CI

from [12] at the CI scale Λ+
LL/RR = 7 TeV (dashed histogram). Non-perturbative corrections due

to hadronization and multiple parton interactions are applied to the predictions. The shaded band

indicates the total uncertainty on the NLO QCD predictions due to µr and µf scale variations,

PDFs, as well as the uncertainties from the non-perturbative corrections, which have all been

added in quadrature.

certainties are represented by nuisance parameters which affect the χdijet distribution. The

nuisance parameters are varied within their Gaussian uncertainties when generating the

distributions of q. The QCD+CI model is considered to be excluded at the 95% confidence

– 7 –

χdijet = e |y1−y2|
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Parton Luminosity

Hard scattering: σ̂ ∝ 1/ŝ; Resonance: σ̂ ∝ τ ; form

τ

ŝ

dL
dτ
≡ τ/ŝ

1 + δij

∫ 1

τ

dx

x
[f

(a)
i (x)f

(b)
j (τ/x) + f

(a)
j (x)f

(b)
i (τ/x)]

[dimensions σ] measures parton ij luminosity (τ = ŝ/s)

σ(s) =
∑
i j

∫ 1

τ0

dτ

τ
· τ

ŝ

dLij

dτ
· [ŝσ̂ij(ŝ)]

Dmensionless factor [· · · ] ≈ determined by couplings.
Logarithmic integral typically gives a factor of order unity.

My luminosity page Stirling luminosities
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Parton Luminosity: gg
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Parton Luminosity: ud̄
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Parton Luminosity (light quarks)
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Parton Luminosity: gq
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Luminosity Ratios: gg
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Luminosity Ratios: ud̄
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Luminosity Ratios (light quarks)
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Luminosity Ratios: gq
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Luminosity Contours: gg
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Luminosity Contours: ud̄
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Luminosity Contours (light quarks)
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Luminosity Contours: gq
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Eichten et al. summarize the motivation for exploring the 1-TeV (= tol2 eV) energy scale in elementary 
particle interactions and explore the capabilities of proton-(anti)proton colliders with beam energies between 
1 and 50 TeV. The authors calculate the production rates and characteristics for a number of conventional 
processes, and discuss their intrinsic physics interest as well as their role as backgrounds to more exotic 
phenomena. The authors review the theoretical motivation and expected signatures for several new phe
nomena which may occur on the 1-TeV scale. Their results provide·a reference'point for the choice of 
machine parameters and for experiment design. 
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I. INTRODUCTION 

The physics of elementary particles has undergone a re
markable development during the past decade. A host of 
new experimental results made accessible by a new gen
eration of particle accelerators and the accompanying ra-. 
pid convergence of theoretical ideas have brought to the 
subject a new coherence. Our current outlook has been 
shaped by the identification of quarks and leptons as fun
damental constituents of matter and by the gauge theory 
synthesis of the fundamental interactions. 1 These 
developments represent an important simplification of 

1For expositions of the current paradigm, see the textbooks by 
Okun (1981), Perkins (1982), Aitchison and Hey (1982), Leader 
and Predazzi (1982), Quigg (1983), and Halzen and Martin 
(1984) and the summer school proceedings edited by Gaillard 
and Stora (1983). 
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Abstract
This article is devoted to the status of the electroweak theory on the eve
of experimentation at CERN’s Large Hadron Collider (LHC). A compact
summary of the logic and structure of the electroweak theory precedes an ex-
amination of what experimental tests have established so far. The outstanding
unconfirmed prediction is the existence of the Higgs boson, a weakly inter-
acting spin-zero agent of electroweak symmetry breaking and the giver of
mass to the weak gauge bosons, the quarks, and the leptons. General argu-
ments imply that the Higgs boson or other new physics is required on the
1-TeV energy scale.

Even if a “standard” Higgs boson is found, new physics will be implicated
by many questions about the physical world that the Standard Model cannot
answer. Some puzzles and possible resolutions are recalled. The LHC moves
experiments squarely into the 1-TeV scale, where answers to important out-
standing questions will be found.
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Das LHC Projekt        S.Bethke       Max-Planck-Institut für Physik             3420
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CMS
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ATLAS
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Exercise 5

Explain the response of the ATLAS detector to different
particle species, as shown in the graphic on the preceding
page.

An interactive slice through the CMS detector animates
the response to five particle types.
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Coupling-constant Unification
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Coupling-constant Unification
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Can LHC See Change in Evolution?
Sensitive to new colored particles

2.5 3.0 3.5 4.0
log(Q [GeV])
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s

SM: 7/2

MSSM: 3/2

(sharp threshold illustrated) . . . also for sin2 θW
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Anyone unfamiliar with electroweak theory?

See my five lectures, “The Standard Model—Its Magic
and Its Shortcomings,” at the São Paulo school, Particle
Physics in the LHC Era, April 2013.
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Coming soon . . .
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Our Picture of Matter
Pointlike constituents (r < 10−18 m)

SU(3)c ⊗ SU(2)L ⊗ U(1)Y→ SU(3)c ⊗ U(1)em
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Unbroken SU(3)c ⊗ SU(2)L ⊗ U(1)Y Theory:

As in QED, massless gauge bosons

but weak interaction is short-range

In contrast to QED, massless fermions

Mass term Le = −me ēe = −me(ēReL + ēLeR)

violates local gauge invariance
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Massive Gauge Boson? Hiding Symmetry
Recall 2 miracles of superconductivity:

No resistance . . . . . . Meissner effect (exclusion of B)

Ginzburg–Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers . . . . . . + superconducting charge carriers

Order Parameter  ψ

Fr
ee

 E
ne

rg
y

T  > Tc

Fr
ee

 E
ne

rg
y

T  < Tc

Order Parameter  ψ

ψ0

B = 0: Gsuper(0) = Gnormal(0) + α |ψ|2 + β |ψ|4

T > Tc : α > 0 〈|ψ|2〉0 = 0

T < Tc : α < 0 〈|ψ|2〉0 6= 0
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In a nonzero magnetic field . . .

Gsuper(B) = Gsuper(0) +
B2

8π
+

1

2m∗

∣∣∣∣−i~∇ψ − e∗

c
Aψ

∣∣∣∣2
e∗ = −2

m∗

}
of superconducting carriers

Weak, slowly varying field: ψ ≈ ψ0 6= 0, ∇ψ ≈ 0

Variational analysis ;

∇2A− 4πe∗2

m∗c2
|ψ0|2A = 0

wave equation of a massive photon

Photon – gauge boson – acquires mass within superconductor

origin of Meissner effect

In gauge theory: Brout, Englert, Higgs, Guralnik, Hagen, Kibble
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Hide EW Symmetry in Analogy to Ginzburg–Landau

Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

Mediator of charged-current weak interaction acquires
a mass M2

W = πα/GF

√
2 sin2 θW ,

Mediator of (new!) neutral-current weak interaction
acquires mass M2

Z = M2
W /cos2 θW ;

Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

Fermions can acquire mass—values not predicted.

Determine sin2 θW to predict MW ,MZ

Vacua
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A theory of leptons

L =

(
νe
e

)
L

R ≡ eR

weak hypercharges YL = −1, YR = −2
Gell-Mann–Nishijima connection, Q = I3 + 1

2Y

SU(2)L ⊗ U(1)Y gauge group ⇒ gauge fields:

weak isovector ~bµ, coupling g b`µ = b`µ − εjk`αjbkµ − (1/g)∂µα
`

weak isoscalar Aµ, coupling g ′/2 Aµ → Aµ − ∂µα
Field-strength tensors

F `µν = ∂νb
`
µ − ∂µb`ν + gεjk`b

j
µb

k
ν ,SU(2)L

fµν = ∂νAµ − ∂µAν ,U(1)Y
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Interaction Lagrangian

L = Lgauge + Lleptons

Lgauge = −1
4F

`
µνF

`µν − 1
4 fµν f

µν ,

Lleptons = R iγµ
(
∂µ + i

g ′

2
AµY

)
R

+ L iγµ
(
∂µ + i

g ′

2
AµY + i

g

2
~τ · ~bµ

)
L.

Mass term Le = −me(ēReL + ēLeR) = −me ēe violates local gauge inv.

Theory: 4 massless gauge bosons (Aµ b1µ b2µ b3µ); Nature: 1 (γ)
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

Introduce a complex doublet of scalar fields

φ ≡
(
φ+

φ0

)
Yφ = +1

Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lscalar = (Dµφ)†(Dµφ)− V (φ†φ),

where Dµ = ∂µ + i g
′

2 AµY + i g2~τ · ~bµ and

V (φ†φ) = µ2(φ†φ) + |λ| (φ†φ)2

Add a Yukawa interaction LYukawa = −ζe
[
R(φ†L) + (Lφ)R

]
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Unique and degenerate vacuum states

(a) (b)
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Origin of Fermion Masses

By decree, Weinberg & Salam add
interactions between fermions and scalars
that give rise to quark and lepton masses.

ζe
[
(ēLΦ)eR + ēR(Φ†eL)

]
; me = ζev/

√
2

ζe is picked to give right mass, not predicted

Fermion mass implies physics beyond standard model

Highly economical, but is it true?
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Charged Lepton and Quark Masses
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Electroweak theory tests: tree level

H1 e+p 1994–2007 (preliminary)

H1 e–p 1994 –2007 (preliminary)

ZEUS e+p 2006 – 07 (preliminary)NC
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SM e+p (HERAPDF 0.1)

Pe = 0
y < 0.9
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Electroweak theory tests: tree level (no RHCC)
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Electroweak theory tests: tree level
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Electroweak theory tests: loop level
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Why a Higgs boson must exist

S-matrix analysis of e+e− → W +W−

(a) (b)

(c)
(d)

e+
e–

e– e–

e–

e+ e+

e+

W–

W+

W+

W+ W+

W–

W–

W–

γ

ν

Z

H

Individual J = 1 partial-wave amplitudes M(1)
γ , M(1)

Z ,

M(1)
ν have unacceptable high-energy behavior (∝ s)
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. . . but sum is well-behaved

“Gauge cancellation” observed at LEP2 (Tevatron)

J = 0 amplitude exists because electrons have mass, and
can be found in “wrong” helicity state

M(0)
ν ∝ s

1
2 : unacceptable HE behavior

(no contributions from γ and Z )

This divergence is canceled by the Higgs-boson
contribution
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⇒ Heē coupling must be ∝ me ,

because “wrong-helicity” amplitudes ∝ me

____  =  ____  =  _____  =

f

f

H
–iζf
√2

–imf (GF√2)1/2–imf

v
–igmf

2MW
—

—

If the Higgs boson did not exist, something else
would have to cure divergent behavior
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If gauge symmetry were unbroken . . .

no Higgs boson; no longitudinal gauge bosons

no extreme divergences; no wrong-helicity amplitudes

. . . and no viable low-energy phenomenology
In spontaneously broken theory . . .

gauge structure of couplings eliminates the most
severe divergences

lesser—but potentially fatal—divergence arises
because the electron has mass . . . due to SSB

SSB provides its own cure—the Higgs boson

Similar interplay and compensation must exist in any
acceptable theory
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Electroweak theory tests: Higgs influence
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The importance of the 1-TeV scale . . .
EW theory does not predict Higgs-boson mass

� Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at
high energies, make a partial-wave decomposition

M(s, t) = 16π
∑
J

(2J + 1)aJ(s)PJ(cos θ)

Most channels decouple – pw amplitudes are small at
“all” energies – ∀MH .

Four interesting channels:

W +
L W−

L Z 0
LZ 0

L/
√

2 HH/
√

2 HZ 0
L

L: longitudinal, 1/
√

2 for identical particles
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The importance of the 1-TeV scale . . .

Z 0, γ, H

Z 0, γ, H

W – W +

W – W +

W – W +

W – W +

W – W +

W – W +

Chris Quigg (FNAL) LHC Physics . . . Invisibles · 10–15.7.2013 88 / 122



The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes ∝ GFM2

H

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2


Require that largest eigenvalue respect partial-wave
unitarity condition |a0| ≤ 1

=⇒ MH ≤
(

8π
√

2

3GF

)1/2

≈ 1 TeV

condition for perturbative unitarity
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The importance of the 1-TeV scale . . .

If the bound is respected

weak interactions remain weak at all energies

perturbation theory is everywhere reliable

If the bound is violated

perturbation theory breaks down

weak interactions among W±, Z , H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV
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Heavy Higgs Signature: ZZ → µ+µ−µ+µ−

15

3D view3D view

No explicit cut on tracks pNo explicit cut on tracks pTT
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What the Higgs Field Accomplishes

Hides the electroweak symmetry

Gives masses to W and Z
(provides longitudinal components)

Generates fermion masses and mixings
through mysterious Yukawa terms

Makes electroweak theory behave at high energies
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Search for the Standard-Model Higgs Boson

Γ(H → f f̄ ) =
GFm2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

∝ MH in the limit of large Higgs mass; ∝ β3 for scalar

Γ(H → W +W−) =
GFM3

H

32π
√

2
(1− x)1/2(4− 4x + 3x2) x ≡ 4M2

W /M2
H

Γ(H → Z 0Z 0) =
GFM3

H

64π
√

2
(1− x ′)1/2(4− 4x ′ + 3x ′2) x ′ ≡ 4M2

Z/M2
H

asymptotically ∝ M3
H and 1

2
M3

H , respectively

2x2 and 2x ′2 terms ⇔ decays into transverse gauge bosons
Dominant decays for large MH : pairs of longitudinal weak bosons
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Exercise 6

Compute the decay rate for the Higgs boson into fermion
pairs given on the previous page,

Γ(H → f f̄ ) =
GFm2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

,

using the Feynman rule given above.
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SM Higgs Boson Branching Fractions
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Total width of the standard-model Higgs boson

ΓH(MH = 126 GeV) = 4.2 MeV

 [GeV]HM
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Below W +W− threshold, ΓH ∼< 1 GeV

Far above W +W− threshold, ΓH ∝ M3
H
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A few words on Higgs production . . .

e+e− → H : hopelessly small
µ+µ− → H : scaled by (mµ/me)2 ≈ 40 000
e+e− → HZ : prime channel

Hadron colliders:
gg → H → bb̄: background ?!
gg → H → ττ, γγ: rate ?!

gg → H → W +W−: best Tevatron sensitivity
p̄p → H(W ,Z ): prime Tevatron channel for light Higgs

At the LHC:
Many channels accessible, search sensitive up to 1 TeV
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Higgs search in e+e− collisions

σ(e+e− → H → all) is minute, ∝ m2
e

Even narrowness of low-mass H is not enough to make it
visible . . . Sets aside a traditional strength of e+e−

machines—pole physics

Most promising:
associated production e+e− → HZ
(has no small couplings)

e– e+

Z

Z H

σ =
πα2

24
√

s

K (K 2 + 3M2
Z )[1 + (1− 4xW )2]

(s −M2
Z )2 x2

W (1− xW )2

K : c.m. momentum of H xW ≡ sin2 θW
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`+`− → X . . .
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Higgs-boson production at the LHC: 8 TeV
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Higgs-boson production and decay: 8 TeV
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µl = e, 
τν,µν,eν = ν

q = udscb

bbν± l→WH 

bb-l+ l→ZH 
b ttb→ttH 

-τ+τ →VBF H 
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γγ

qqν± l→WW 

ν
-lν+ l→WW 
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-l+l-l+ l→ZZ 
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ATLAS γγ signal evolution
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CMS 4µ signal evolution
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Evolution of evidence at the LHC

Evidence is developing as it would for
a “standard-model” Higgs boson

Unstable neutral particle near 126 GeV

decays to γγ,W +W−,ZZ
likely (dominantly) spin-parity 0+

evidence for τ+τ−, bb̄
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Consistency with Standard-Model Higgs

ATLAS twiki CMS twiki

37 

Signal strength in di-boson decay modes 
                       -including full data set-     

•  Data are consistent with the hypothesis 
     of a Standard Model Higgs boson:   
 
       
  
•  Experimental uncertainties are still too  
     large to get excited about “high” γγ   
     signal strength 
 
•  Signal strengths in fermionic decay 
     modes have large uncertainties, but are 
     compatible with SM value of 1;  
 
     If preliminary H à ττ and H à bb results  
     are included:  
 
       
 

) µSignal strength (
0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb = 7 TeV s

-1Ldt = 20.7 fb = 8 TeV s

 = 125.5 GeVHm

0.28-

0.33+ = 1.55µ

 H 

 0.12-
 0.17+
 0.13-
 0.17+
 0.22-
 0.23+

0.35-

0.40+ = 1.43µ

 4l ZZ* H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

0.28-

0.31+ = 0.99µ

l l WW* H 

 0.09-
 0.15+
 0.19-
 0.23+
 0.21-
 0.20+

0.18-

0.21+ = 1.33µ

, ZZ*, WW*H
Combined

 0.10-
 0.12+
 0.13-
 0.17+
 0.14-
 0.13+

Total uncertainty
µ on  1±

(stat)
(sys)
(theo)

µ =1.23± 0.18

µ =1.33 !0.18
+0.21

Ratios of production cross sections for the  
various processes (ggF, VBF,..) fixed to SM  
values 

Consistency with SM Hypothesis 

Combined signal strength: μ=0.80±0.14 

p-value= 0.52  w.r.t. m=1  p-value= 0.65  w.r.t. m=1  

Here and further: bb results based on 12 fb-1 at 8 TeV and 5 fb-1 at 7 TeV 
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Why Electroweak Symmetry Breaking Matters

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons? Consider the
effects of all the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge
symmetries.

(No EWSB agent at v ≈ 246 GeV)

Consider effects of all SM interactions!
SU(3)c ⊗ SU(2)L ⊗ U(1)Y
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Without a Higgs Mechanism . . .

Electron and quarks would have no mass

QCD would confine quarks into protons, etc.
Nucleon mass little changed

Surprise: QCD would hide EW symmetry,
give tiny masses to W ,Z

Massless electron: atoms lose integrity

No atoms means no chemistry, no stable composite
structures like liquids, solids, . . .
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LHC: Multiple looks at the new boson

3 production mechanisms, ≥ 5 decay modes

H

g g

qi

HW,Z

q̄′q

W,Z

V V

H
q′1

q1

q̄′2

q̄2

γγ,WW ∗,ZZ ∗, bb̄, τ+τ−,Zγ(?)
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Questions for ATLAS and CMS
Fully accounts for EWSB (W ,Z couplings)?
Couples to fermions?
Top from production, need direct observation for b, τ
Accounts for fermion masses?
Fermion couplings ∝ masses?
Are there others?
Quantum numbers?
SM branching fractions to gauge bosons?
Decays to new particles? via new forces?
All production modes as expected?
Implications of MH ≈ 126 GeV?
Any sign of new strong dynamics?
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Standard-model shortcomings

No explanation of Higgs potential

No prediction for MH

Doesn’t predict fermion masses & mixings

MH unstable to quantum corrections

No explanation of charge quantization

Doesn’t account for three generations

Vacuum energy problem

Beyond scope: dark matter, matter asymmetry, etc.

; imagine more complete, predictive extensions
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Beyond the Standard Model
More physics on the TeV scale?

Partial-wave unitarity analysis of WW scattering argues
for new physics on the TeV scale.
In SM: a Higgs boson or strongly interacting gauge sector
In general, something new on the TeV scale

At the level of suggestion, rather than theorem . . .

The hierarchy problem: if light H , new physics
implicated on the TeV scale

WIMPs as dark matter: reproduce relic density for
masses 0.1−1 TeV
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The Hierarchy Problem

Str
ings?

10
18

Planck s
cale

Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]

 

Unexplained gap

Limit of LHC
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ng-electro
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Strange Z
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Energy Scale (GeV)

How to keep the distant scales from mixing in the face of
quantum corrections? OR
How to stabilize the mass of the Higgs boson on the
electroweak scale? OR
Why is the electroweak scale small?
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The Hierarchy Problem
Possible paths

Fine tuning

A new symmetry (supersymmetry)
fermion, boson loops contribute with opposite sign

Composite “Higgs boson” (technicolor . . . )
form factor damps integrand

Little Higgs models, etc.

Low-scale gravity (shortens range of integration)

All but first require new physics near the TeV scale
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But Where is the New Physics?

The unreasonable effectiveness

of the Standard Model
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More Electroweak Questions for the LHC

What is the agent that hides electroweak symmetry?

Is the “Higgs boson” elementary or composite? How
does the Higgs boson interact with itself? What
triggers electroweak symmetry breaking?

New physics in pattern of Higgs-boson decays?

Will (unexpected or rare) decays of H reveal new
kinds of matter?

What would discovery of > 1 Higgs boson imply?

What stabilizes MH below 1 TeV?

How can a light H coexist with absence of new
phenomena?

Is EWSB related to gravity via extra dimensions?
Chris Quigg (FNAL) LHC Physics . . . Invisibles · 10–15.7.2013 116 / 122



More Electroweak Questions for the LHCbis

Is EWSB emergent, connected with strong dynamics?

If new strong dynamics, how can we diagnose? What
takes place of H?

Does the Higgs boson give mass to fermions, or only
to the weak bosons? What sets the masses and
mixings of the quarks and leptons?

Does the different behavior of left-handed and
right-handed fermions with respect to charged-current
weak interactions reflect a fundamental asymmetry in
the laws of nature?
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More Electroweak Questions for the LHCter

What will be the next symmetry recognized in Nature?
Is Nature supersymmetric? Is the electroweak theory
part of some larger edifice?

Are there additional generations of quarks and
leptons?

What resolves the vacuum energy problem?

What lessons does electroweak symmetry breaking
hold for unified theories of the strong, weak, and
electromagnetic interactions?
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Thanks and good luck!
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Why is empty space so nearly massless?
Natural to neglect gravity in particle physics . . .

Gravitational ep interaction ≈ 10−41× EM

GNewton small ⇐⇒ MPlanck =

(
~c

GNewton

) 1
2

≈ 1.22× 1019 GeV large

q

q

G ∼

E

MPlanck

300 years after Newton: Why is gravity weak?
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But gravity is not always negligible . . .
The vacuum energy problem

Higgs potential V (ϕ†ϕ) = µ2(ϕ†ϕ) + |λ| (ϕ†ϕ)2

At the minimum,

V (〈ϕ†ϕ〉0) =
µ2v 2

4
= −|λ| v

4

4
< 0.

Identify M2
H = −2µ2

V 6= 0 contributes position-independent vacuum energy density

%H ≡
M2

Hv 2

8
≥ 108 GeV4 ≈ 1024 g cm−3

Adding vacuum energy density %vac ⇔ adding cosmological constant
Λ to Einstein’s equation

Rµν − 1
2
Rgµν =

8πGN

c4
Tµν + Λgµν Λ =

8πGN

c4
%vac
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Observed %vac∼< 10−46 GeV4

0.0 0.5 1.0
0.0

0.5

1.0

1.5

FlatBAO

CMB

SNe

ΩΛ

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

Ωm

Union 08
SN Ia 

compilation

%H ∼> 108 GeV4: mismatch by 1054

A chronic dull headache for thirty years . . .
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